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Abstract
In the vicinity of the superconducting dome in the phase diagram of
iron-pnictides there exist a magnetically ordered phase accompanied by a
nematic phase and a structural transition. Since all three phases belong to the
same point group symmetry, it is a priori difficult to establish which of these
phases is dominant. The fluctuations associated with the energetically
dominant transition have been proposed as the driving force behind
electronic pairing in the superconducting state. Therefore the identification
of this transition is essential for further understanding the physics behind
superconductivity in iron-pnictides. This thesis explores the relation
between nematic strength and the superconducting critical temperatures in
the pnictides. The in-plane resistivity anisotropy of single crystal SmFeAsO
(Tc =55 K in optimally F-doped SmFeAs[O,F]) was investigated using four
different sample geometries structured by focused ion beam methods. The
results are compared to other iron-pnictides and it was observed that the
maximal resistivity anisotropy is similar as to that in other iron-pnictides.
These initial results clearly lay the groundwork for future experimental
studies, in particular probing the relation between the crystal lattice and the
nematicity.
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Chapter1
Introduction
Ever since the discovery of superconductivity in mercury by Kamerlingh Onnes in
1911 [1], new types of superconductors have been discovered. Most of those super-
conductors, being the conventional superconductors, can be described using the 1957
theory of Bardeen Cooper and Schrieffer (named BCS-theory) [2]. This theory de-
scribes the pairing of electrons in k-space by phononic coupling. However, some
groups of superconductors show behavior that originates from a different coupling
mechanism than phonons and can therefore not be described by BCS theory. For these
materials, the term unconventional superconductor has been coined. Evidence for un-
conventional superconductivity has been observed in various materials such as: the
high-TC cuprates [3], heavy Fermion superconductors [4], organic superconductors [5]
and iron-pnictides [6]. A member of the latter of these groups is the topic of this thesis:
SmFeAsO.
The phase diagrams of many iron-based superconductors share interesting similari-
ties (see figure 1.1) [7, 8]. The parent compounds exhibit a structural transition from
tetragonal to orthorhombic point group symmetry. This transition goes hand in hand
with a nematic phase transition and a transition to a spin density wave [9]. In all of
these transitions the 90◦ rotational symmetry (C4) of the tetragonal basal plane is bro-
ken, lowering to 180◦ rotational symmetry (C2).
However upon electron doping (in the case of SmFeAsO this means substituting oxy-
gen for fluorine) a superconducting dome appears displaying superconducting critical
temperatures (Tc) higher than predicted by BCS theory. In the vicinity of the maximum
Tc a quantum critical point is proposed where all three ordering phennomena van-
ish [10]. This raises the question whether any of the fluctuations of these phases are
associated with the relative high Tc and if this is the case, which of these fluctuations
in dominant [11].
Since the nematic fluctuations are believed to be a candidate for the driving force be-
hind superconducting pairing [12], researching nematic signatures in the iron-pnictides
is important for further understanding superconductivity in these compounds. The
nematic phase is characterized by a large in-plane resistivity anisotropy [13]. Hence
a promising way to study the nematic fluctuations is to probe the anisotropy of the
in-plane conductivity.
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Figure 1.1: Schematic phase diagram of the BaFe2As2 system (taken from [11]). Introducing
electron or hole doping suppresses the spin density wave (stripe magnetism), the orthorhom-
bic and the nematic phase. The superconducting dome has been argued to exist around the
quantum critical point associated with these phases. The green area is representing a magnet-
ically ordered state in which the C4 symmetry is not broken. Dotted lines denote first order
transitions and solid lines denote second order transitions.
In-plane resistivity anisotropy has been researched extensively in the “122” structural
class [14]. However SmFeAsO has been researched far less, even though its super-
conducting critical temperature is the highest among the iron-pnictides (55 K) [15, 16].
Conducting measurements on SmFeAsO is experimentally challenging since crystals
can only be synthesized in relatively small sizes in the form of platelets of roughly 2
to 7 µm thickness and lateral dimensions of 70 micrometer. Contacting these crystals
in a conventional way is not possible and therefore measurements on single crystals
of SmFeAsO are still lacking.
This thesis reports the first measurements of the in-plane resistivity anisotropy in sin-
gle crystalline samples of SmFeAsO. The application of focused ion beam as a tool for
micro fabrication devices from these crystals enables electrical transport studies.
A theoretical background on nematicity and anisotropy is provided in chapter 2. Chap-
ter 3 covers the different ways to determine the resistivity anisotropy from transport
measurements and the sample production methods. Finally in chapter 4 the results
obtained on the different samples are presented and subsequently discussed, and in
chapter 5 a general conclusion is formulated from this discussion.
2
Chapter2
Theory
This chapter will consist of two parts: the first describes a general theoretic back-
ground on nematicity and the second part is on the resistivity tensor and the different
sample geometries that can be used to extract the elements of the resistivity tensor.
2.1 Nematicity
An electronic nematic state breaks a rotational symmetry of the crystal lattice by chos-
ing a preferred direction. Usual electronically broken symmetries are described by a
vector, such as the magnetization at a ferromagnetic transition. In contrast, a nematic
is described by a direction, but no orientation. Since this type of symmetry break-
ing is similar to that in the nematic phase of liquid crystals, the name nematic state
was formulated. It is now thought that this transition is driven by the itinerant elec-
tron system since one of its effects is a large in-plane resistivity anisotropy[13, 17].
Furthermore, quantities like thermopower and optical conductivity also show a large
anisotropy below the Neel temperature.
In the ’122’ class of iron-pnictides1 a large in-plane resistivity anisotropy has been
discovered in twinned crystals [18]. Later, magnetic fields and uniaxial stress have
been used to detwin the crystals and find the intrinsic anisotropy [13].
Strong evidence for the nematic state has further been obtained from the unusually
strong strain-dependence of the resistivity in the iron-arsenides. It was shown that
the nematic susceptibility, the derivative of resistivity with respect to in-plane strain
diverges at the structural transition [14]. This means that structural distortion cannot
be the primary order parameter in the free energy equation and therefore the nematic
transition is electronic of origin [11].
The nematic susceptibility is expected to be described by a Curie-Weiss behavior above
the Neel temperature2 . Multiple members of the ‘122’ family show a nematic suscep-
tibility that follows this behavior. This gives strong evidence that nematic fluctuations
1All materials that have a structure like AFe2As2. Where A stands for an alkaline earth metal.
2This can be deduced by finding the value of nematicity that minimizes the free energy and subse-
quently taking the derivative to strain of this value, see suplamentary of [19].
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are present around the superconducting dome and therefore might play a role in su-
perconducting pairing [19].
Furthermore, the critical temperature obtained from Curie-Weiss fits to the nematic
susceptibility crosses zero temperature at around optimal doping. This provides strong
evidence that there exists a quantum critical point under the superconducting dome.
As mentioned in the introduction, SmFeAsO has been researched far less due to small
sample size. It is however interesting to compare the magnitude of the nematic strength
to that present in other iron-containing superconductors. A relation between the su-
perconducting critical temperature and the maximum nematic strength would possi-
bly reveal evidence for a role of nematic fluctuations as driving force of superconduc-
tivity. Therefore a research goal is formulated: compare the maximum anisotropy as
function of Tc of different iron-containing superconductors.
2.2 The resistivity tensor
In order to research the resistivity anisotropy, it is necessary to develop the formal
background of what resistivity anisotropy is and how to experimentally determine it
in a sample. Resistivity is a tensorial material property independent of the geometry
of the specific sample. In general it can be represented by a matrix relating the current
density~J to the electric field ~E driving the current, called Ohm’s law.
~E =
↔
ρ~J (2.1)
Since measurements are often carried out on bar-shaped samples of a single material
in which the current distribution is uniform, it is convenient to choose a basis along
the axes of the bar.
ExEy
Ez
 =
ρx,x ρy,x ρz,xρx,y ρy,y ρy,z
ρx,z ρy,z ρz,z

jxjy
jz
 (2.2)
The diagonal elements represent the resistivity as measured along the longitudinal
direction (i.e. an electric field existing perpendicular to the probe current). The off-
diagonal elements represent the resistivity as measured transverse of the current di-
rection (i.e. current flowing in the transverse direction of the direction of the electric
field). To probe a diagonal element of the resistivity matrix, current is applied along
the bar and a voltage Vx is measured in the longitudinal direction3:
ρx,x =
Ex
J
→
∫
ρx,xdx =
1
J
∫
Exdx → ρx,xl = VxJ → ρx,x =
Vx
I
A
l
(2.3)
Here A is the cross-section of the bar, l the length of the bar and I the current in the
bar. In the first step the equation is integrated over x on both sides. It is assumed that
3The current flows along x here so: ~J = Jxˆ, this can however be generalized to the other axis.
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the current density is uniform through the bar. To probe an off-diagonal element of
the resistivity-tensor a current is applied along the bar and a transverse voltage (Vy) is
measured:
ρy,x =
Ey
J
→
∫
ρy,xdy =
1
J
∫
Eydy→ ρy,xw = VyJ =
Vywt
I
→ ρy,x = VyI t (2.4)
Here w is the width and t the thickness of the bar and the other symbols as defined
above. In this case integration is done along the y-direction. Resistivity anisotropy is
defined as the difference of the resistivity along two different principle axes of a crys-
tal (in this case the in-plane axes). The resistivity anisotropy is zero in the tetragonal
phase due to symmetry. In the othorhombic phase the symmetry is broken, which can
be probed by the resistivity anisotropy. Therefore, resistivity anisotropy can detect sig-
natures of nematicity. More often the normalized anisotropy is used to give a measure
for the resistivity anisotropy since it can be compared between different samples:
ρanis. norm. =
ρa − ρb
ρa + ρb
(2.5)
2.3 Geometries for resistivity anisotropy measurements
Multiple techniques exist to measure the resistance anisotropy in crystals. Four differ-
ent methods are investigated and contrasted for this study. The methods are: the L-bar
method, the Montgomery method, the Wheatstone bridge method and the transverse
bar method. Each of these methods require their own sample configuration. These
will be discussed in the sections below4.
2.3.1 The L-bar
This method is designed to measure the anisotropy by measuring the resistivity along
the principal axes directly. In this case the sample is fabricated into a bar such that
the reference frame of the crystal coincide with the faces of the device. The resistivity
tensor therefore takes a particularly simple form:
↔
ρ =
ρa 0 00 ρb 0
0 0 ρc
 (2.6)
The diagonal elements are probed using the method described in chapter 2 and the
anisotropy can consequently be calculated by subtracting the two found values. Since
the sample is structured into an L structure (see figure 2.1) having a bar along both
principal axes both resistivities can be probed simultaneously.
4this part is mainly following Walmsey and Fisher [20].
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Figure 2.1: Schematic of an L-bar device. In blue the crystal is depicted; black indicates contacts
to the device. One voltage is measured along the a-axis and the other is measured along the b
axis, probing ρa and ρb respectively.
2.3.2 The Montgomery configuration
For measuring the resistivity anisotropy using the Montgomery method the crystal is
structured into a rectangle shape with contacts on each corner (see figure 2.2). The
edges of the device correspond to the directions of the principal axes. The measure-
ment is performed by injecting current from one corner to an adjacent corner (I1 and
I2). A voltage is measured over the two remaining corner contacts (V1 and V2). Since
the sample has four corners there are two different current-voltage ratios to be mea-
sured (R1 and R2).
If the material would be isotropic, the resistivity of the crystal would be given by [21]:
ρ = tHiRi (2.7)
Where t is the effective thickness of the sample and Hi are constants dependent on the
geometry of the sample and Ri are the current voltage ratios as mentioned above (the
index i distinguishes between the two Montgomery configurations). Montgomery [22]
argues that a sample that shows resistivity anisotropy can be mapped on a sample with
an isotropic ρ however with an asymmetric sample geometry for which hold:
li = l
′
i
√
ρi
ρ
for i = a,b,c and ρ3 = ρaρbρc (2.8)
Here l stands for the dimensions of the isotropic sample on which is mapped. The
primes indicate the actual anisotropic sample. Following Dos Santos et al [23], formula
2.7 and 2.8 can be used to find:
√
ρaρb = t
′
HiRi (2.9)
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Figure 2.2: Schematic of a Montgomery device. In blue the crystal is depicted; black indicates
contacts to the device. Current is supplied from one corner of the device to an adjacent one.
A voltage is measured over the opposite contacts. Two different configurations can be made
in this way. The current-voltage ratios of these configurations can be used to calculate the
resistivity along the principal axes.
Here t
′
is the effective thickness of the anisotropic sample5. Using an approximation
found by Dos Santos et al. for Hi equation 2.9 can be used to find the resistivities6:
ρa,b = t
′
R1,2
pi
8
cb,a sinh(pica,b) (2.10)
Where:
ca,b =
1
2
 1
pi
ln(
R2,1
R1,2
) +
√
1
pi
ln(
R2,1
R1,2
) + 4
 (2.11)
R1,2 are defined above. The difference between the calculated resitivities can be used
to calculate the resistivity anisotropy.
2.3.3 The Wheatsone bridge
Developed originally to measure an unknown resistor [24] the Wheatstone bridge cir-
cuit is displayed in image 2.3.
5This length scale is dependant on the ratio between the lateral dimentions and the thickness of the
sample. For wide and thin samples, the effective thickness is equal to the actual sample thickness. Since
the effective thickness is not influencing the in-plane anisotropy a further discussion is left out.
6For the special case the sample is structured into a square
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Figure 2.3: A schematic representation of the Wheastone bridge circuit. The bridge is current
biased. The voltage measured is the bridge voltage Vb
The bridge is current biased and the transverse voltage is measured. The transverse
voltage is calculated below. First the current through both legs is calculated:
IL =
RL
Rtot
I =
R1 + R3
Rtot
I and IR =
RR
Rtot
I =
R2 + R4
Rtot
I (2.12)
Where Rtot is the total sum of the resistors. Therefore the voltages on the right and left
side of the bridge are:
VL = R1 IL = R1
R1 + R3
Rtot
I and VR = R2 IR = R2
R2 + R4
Rtot
I (2.13)
And the bridge voltage is:
VB = VL −VR =
[
R1
R1 + R3
Rtot
− R2 R2 + R4Rtot
]
I (2.14)
When a Wheatstone bridge is used to find an unknown voltage, in this case R4 (now
set to Ru), then R2 is set to be equal to R1, and R3 is used as a reference (now called
Rref). Than equation 2.14 reduces to:
VB = R1
[
Rref − Ru
Rtot
]
I (2.15)
As can be seen, Once Ru is equal to the reference voltage, the bridge voltage is zero. As
sign changes of the voltage are much easier to measure than absolute voltages, tuning
Rref until the bridge is in balance, can be used to find the unknown resistance Ru.
To use the Wheatstone bridge configuration to measure resistivity anisotropy, a Wheat-
stone bridge is micro structured into the material aligning R1 and R4 (making them
8
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equal) along one principal axis and R2 and R3 along the other. The bridge resistance is
then given by:
VB =
1
2
[R1 − R2] I (2.16)
The spatial parameters of the bridge can be used to find the resistivity anisotropy (In
the case that the legs of the bridge are bars):
ρanis. = ρa − ρb = twl (R1 − R2) = 2
tw
l
VB
I
(2.17)
Here, l is the length of one of the legs of the bridge, t is the thickness of the crystal
and w is the width of the legs. Furthermore, it is assumed that the Wheatstone bridge
sample is completely symmetric structured.
2.3.4 The transverse bar
The transverse method is the most recently developed method for measuring resis-
tivity anisotropy, it was developed by P. Walmsley and I. R. Fisher in 2017 [20]. As
described in the section 2.3.1 the resistivity of a sample shaped in a bar according to
the principle axis of the crystal is given by:
↔
ρ =
ρa 0 00 ρb 0
0 0 ρc
 (2.18)
However Walmsley and Fisher argue that a bar that makes an angle θ with the a-axis
will have a resistivity tensor that is found by applying a rotation Rz around the z-axis
to the tensor in eq. 2.18.
Rz
↔
ρRTz =
ρa cos2 θ + ρb sin2 θ (ρa − ρb) cos θ sin θ 0(ρa − ρb) cos θ sin θ ρa cos2 θ + ρb sin2 θ 0
0 0 ρc
 (2.19)
If the bar is aligned along the [110] axis, θ = 45◦ and the resistivity tensor becomes:
Rz(45◦)
↔
ρRTz (45
◦) = 1
2
ρa + ρb ρa − ρb 0ρa − ρb ρa + ρb 0
0 0 2ρc
 (2.20)
Probing the diagonal elements will therefore directly yield the average resistivity and
probing the off-diagonal elements as described above will directly yield the resistivity
anisotropy.
9
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Figure 2.4: Schematic of a modified transverse bar device. In blue the crystal is depicted; black
indicates contacts to the device. Current is supplied through the device as in an L-bar device.
Both along a principal axis and along the [110] axis a longitudinal voltage is measured. A
transverse appears in the bar that is alligned along the [110] axis. These voltages can be used
to find the in-plane anisotropy as described in the main text.
An alternative transverse method for which the directions of the principle axis do not
need to be established is composed out of two connected transverse bars making a
135◦ angle as depicted in figure 2.4. The first bar makes an angle θ with the a-axis.
Therefore probing the off-diagonal element for this bar yields:
(ρa − ρb) cos θ sin θ =
tVy,1
I
→ ρa − ρb
2
=
tVy,1
2I
1
cos θ sin θ
(2.21)
Where t is the thickness of the sample7 and Vy,1 is the tansverse voltage over the first
bar. Since the second bar makes an angle θ+ 45◦ with the a-axis the anisotropy is given
by a similar expression. Furthermore, since the anisotropy is assumed to be a material
specific quantity these expressions are equal:
ρa − ρb =
tVy,1
I
1
cos θ sin θ
=
tVy,
2I
1
cos(θ + 45◦) sin(θ + 45◦)
(2.22)
Solving for the voltage ratio gives:
Vy,1
Vy,2
=
cos θ sin θ
cos(θ + 45◦) sin(θ + 45◦)
= tan 2θ (2.23)
Which can be used to find the angle between the first bar and the a-axis:
θ = 2 arctan(
Vy,1
Vy,2
) (2.24)
7Here uniform sample thickness is assumed through both bars
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Therefore the anisotropy can be expressed using the ratio between the two transverse
voltages:
ρanis. =
tVy,1
I
1
cos(2 arctan
Vy,1
Vy,2
) sin(2 arctan
Vy,1
Vy,2
)
=
tVy,1
I
2
√
V2y,1
V2y,2
+ 1
Vy,1
Vy,2
=
2t
I
√
V2y,1 +V
2
y,2
(2.25)
Although technically it is not required to align on of the bars along a principal bar and
the other along the [110] direction, in all transverse bar samples presented in chapter
4 this was the case. Aligning the bar along the above described crystal axes provides
a self-consistent check of the electrical situation as the transverse voltage on the prin-
cipal axis aligned bar is expected to be zero due to symmetry.
2.3.5 Correction method for the transverse bar method
Due to ill placement of the transverse contacts a transverse signal can be observed that
is not due to a pure anisotropy. If the transverse contacts are not directly opposite a
longitudinal signal mixes into the transverse signal. Walmsley and Fisher describe a
method for correcting for this intrinsic transverse voltage. They show that:
VmT = VT +
lT
lL
VL (2.26)
Where VmT is the measured transverse voltage, VT is the actual transverse signal de-
scribing the anisotropy, VL is the longitudinal voltage and lT/lL is the ratio of the
offset between the two transverse contacts and the distance between the longitudinal
contacts. The later ratio is found by calculating the ratio between the transverse and
longitudinal voltage at a temperature where no anisotropy is expected. Since then
holds:
lT
lL
=
VmT
VL
(2.27)
This relation should hold for the entire temperature range where no anisotropy is ex-
pected and is temperature independent. According to Walmsley and Fisher the later
should be checked explicitly before making this correction. This was done in all sam-
ples and found to be true in all samples.
2.3.6 Admixing Errors
Walmsley and Fisher argue that the transverse bar method is more suitable to measure
the in-plane anisotropy since errors in aligning the Montgomery and L-bar geometry
along the principal axes can lead to admixing of the errors of the average resistivity in
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the anisotropy. This is due to the fact that the L-bar and Montgomery method probe
the individual resistivity directly. Therefore one can write:
ρma = ρa + ∆ρa and ρ
m
b = ρb + ∆ρb (2.28)
Where ρma and ρmb are the measured and ρa and ρb are the actual resistivities along
the principal axes. ∆ρa and ∆ρa are the corresponding errors in the measured signal.
When calculating the anisotropy:
ρma − ρmb =
1
2
(2+ ∆ρa + ∆ρb)(ρa − ρb) + 12(∆ρa − ∆ρb)(ρa + ρb) (2.29)
Therefore the actual anisotropy can be severely overshadowed by an average resis-
tivity in these methods. Since the transverse bars directly probe the anisotropy by
measuring a single voltage signal, there is no such admixing of the average resistivity.
Note that a similar argument holds if the average resistivity and directly measured
anisotropy obtained from a transverse bar are used to calculate the resistivity along
principal axes. ρa will admix errors from ρb and vice versa.
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Methods
The first part of this chapter is dedicated to the fabrication of microstructures of Sm-
FeAsO crystals that are used to measure the resistivity anisotropy. In the second part
of this chapter measuring techniques are explained.
3.1 Sample fabrication
SmFeAsO crystals used were grown at high pressure in NaCl flux [15, 16]. X-ray re-
finement has been carried out to confirm the c/a ratio, meaning that the oxygen sites
are fully occupied.
In order to prepare the crystals for micro structuring they are first transferred to a
droplet of Araldite epoxy glue on a sapphire substrate. The substrates contain pre-
fabricated gold contacts. The contacts surround a free patch that designates a sample
placement location.
The glue droplet ensures a smooth transition from substrate to crystal. This is impor-
tant for contacting the crystals since a large difference in the sample topography will
create discontinuities in the deposited gold layer. Furthermore, the epoxy holds the
crystal firmly in place which is important for structuring and measurements in high
magnetic fields. The optimal size of the epoxy droplet is around 1.5 times the crystal
size. A too large droplet would induce a large strain to the crystal and a too small
droplet will not have the desired smooth transition from substrate to crystal.
The crystals are transferred to the substrate using a sharpened toothpick on a micro-
manipulator. When the toothpick is sharpened into a single fiber of around 10 microm-
eter diameter, crystals can be manipulated with micrometer precision. Electrostatic
forces are used to pick up crystals for transfer.
Since the crystals grow in platelets that have a tendency to be stuck to each other, the
micromanipulator was used to carefully drive the crystals on a piece of regular paper,
thereby detaching the crystals from each other, revealing a flat face. Once transferred
to the substrate, the sample is thermally annealed at 140 ◦C to harden the glue.
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A mechanical mask is deposited on the substrate after annealing the glue. This mask is
fabricated from Kapton tape. It reveals the crystal, epoxy glue droplet and part of the
prefabricated contacts on the substrate. Next, gold is evaporated (typically 200 nm)
on the substrate. This connects the crystal (smoothly, due to the epoxy glue droplet)
to the contacts.
The above mentioned contacts contain contact pads. Silver wires are connected to
these contact pads using a silver epoxy (2 component EpoTek EE 129-4). The wires
serve two purposes: not only can the wires be used to connect the sample to a cryo-
stat’s measurement puck to be measured, the wires can also be connected to a scan-
ning electron microscope (SEM) puck, to ensure proper grounding. This is important
for stability during micro structuring the sample into its final geometry.
3.1.1 Focused ion beam proccessing
All samples are structured using a focused gallium ion beam (FIB), produced by the
company FEI (Helios Nanolab dual beam). For all applications a driving voltage of 30
kV is used. The first step of structuring is the removal of the gold layer on top of the
crystal. This is typically done with a low beam current in order to prevent damages
to the crystal ( 0.4 nA)1. Structuring is done using an intermediate current of 0.79 nA
or with a relative low current as in case of the gold removal2. While designing the mi-
cro structure it must be taken in account that the contact resistance is determined by
the contact area between gold and crystal and the length of the sample edge between
crystal and glue. In order to minimize contact resistance, the device should be centered
in the crystal and cuts separating voltage and current contacts should be evenly dis-
tributed. Furthermore, since doped SmFeAsO shows conductivity anisotropy between
ab-plane and the c-axis (factor 2 to 10 depending on temperature [25]) the length of the
current contacts should sufficient to ensure homogenization of the current throughout
the thickness of the sample. At this stage the contacts that are defined on the crystal are
extended to the contact pads by further removing gold. Since this is typically a large
area of gold that has to be removed far away from the sample, high beam currents are
used (2.5 or 9 nA).
Due to the Gaussian beam profile the sides of the structure are slanted and the edges
are rounded off. In addition, redeposition of material from other patterns causes
rounding of the side-walls. In order to straighten these edges, an extra step is taken
which is referred to as polishing. At very low beam currents ( 80 pA) the FIB pre-
forms a cleaning cross-section. A normal pattern is completed by scanning the beam
back and forth in lines over the pattern until the sample is radiated with a prespecified
dose. In a cleaning cross-section the full dose is supplied per line. Since the lines fur-
thest away from the structure are done first and the lines directly on or next the sample
are done last, redeposited material is removed from the sides of the structure. Further-
more, since the spot size of the beam at such low currents is very small, the edges are
straightened. For a well-defined sample geometry, the polishing step is crucial. The
effect of polishing can bee seen in figure 4.4.
1The low current does not prevent damages however it slows the removal process. This makes the
moment the gold is removed more easily recognizable.
2In the case time was not an issue (i.e. overnight structuring).
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(a) Before polishing the crystal. (b) After polishing the crystal.
Figure 3.1: The influence of polishing on the FIB structured samples. (a) displays a false col-
ored SEM image taken of an unpolished sample and (b) of the same sample, after polishing.
Clearly the quality of the sample is improved. Purple indecates bare crystal, yellow indecates
deposited gold on the crystal. the scale bar represents 10 µm.
3.2 Determining the principal axes using EBSD and X-
ray diffraction
For almost all methods used for finding the resistivity anisotropy described in section
2.3 it is necessary to know the direction of the crystal’s principal axes. Therefore, pre-
ceding the sample production the crystals are first characterized using two different
methods: single crystal X-ray diffraction (single crystal XRD) and electron backscatter
diffraction (EBSD).
EBSD can conveniently be performed in the FIB that is used to micro structure the
samples. The EBSD alignment was also confirmed in one single crystal by XRD. It was
found that the principal axis directions match, therefore EBSD is verified as a good
tool to characterize the principal axes.
EBSD is performed while the crystal is on the edge of a Si wafer. An attempt was
made to perform EBSD while the sample is deposited in the epoxy glue droplet on the
sapphire wafer. This proved however impossible due to a charging effect caused by
the lack of grounding of the crystal. The crystals are placed on the edge of the Si wafer
after selection and are stuck because of the Van der Waals interaction.
3.3 Measurement techniques
The proper determination of the resistivity tensor requires measuring a current, a volt-
age and one or more length scales. The sample geometry is carefully measured using
the measure option of the software used to control the SEM. Due to the rounding of
edges of the devices, lengths can be measured with a precision up to 100 nm.
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3.3.1 Measuring voltages and currents
Voltages are measured using a lock-in technique, the basic operation of which will be
discussed below.
The operation of a lock-in amplifier is based on the comparison between a measured
AC voltage and a reference AC voltage, by multiplication and low pass filtering. The
time dependence of the reference signal that is send through the sample can be formu-
lated as:
Vref(t) = V0 sin(ωt) (3.1)
Where V0 is the amplitude of the reference (output) signal and ω its frequency, t de-
notes time. The reference signal is sampled over the sample (as described in chapter
2), this signal has a different magnitude than the reference signal and might have ac-
quired a phase:
Vin(t) = Vsample sin(ωt + φ) (3.2)
Here Vin is the amplitude of the input signal and φ is the acquired phase. The rest of
the symbols is as defined above. Next the input signal is split in two and is multiplied
by the reference signal:
Vin(t)Vref(t) = VsampleV0 sin(ωt + φ) sin(ωt) =
1
2
VsampleV0(cos(φ)− cos(2ωt + φ))
(3.3)
In the last part of the equation 3.3 a trigonometric identity has been applied to trans-
form the product into a sum. The other part of the input signal is multiplied by the
reference signal that is phase shifted pi/2:
Vin(t)Vref(t+
pi
2ω
) = VsampleV0 sin(ωt+φ) cos(ωt) =
1
2
VsampleV0(sin(φ)+ sin(2ωt+φ))
(3.4)
We see that both products result into a constant voltage added to an alternating current
signal. Finally the both sums are passed through a low pass filter to remove the AC
part and a system of two equations is left with two unknowns, being the magnitude
of the input signal and the phase:
Vin(t)Vref(t)
∣∣∣ω=0 = 12VsampleV0 cos(φ)
Vin(t)Vref(t + pi2ω )|ω=0 = 12VsampleV0 sin(φ)
(3.5)
This system can be solved to extract the voltage measured over the sample.
Before the reference signal is passed through the sample it is first passed through a
resistor of which the resistance is known (R). Since the current is connected in series
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with the sample it must be equal. Therefore, the current through the sample can be
calculated by measuring the voltage over the resistor:
Isample = IR =
VR
R
(3.6)
Where IR is the current through the resistor and Isample is the current through the sam-
ple. Another way of calculating the current is to use a resistor in series with the sample
that has a resistance orders of magnitude higher than the sample resistance (Rsample).
The current through the sample can than be calculated as:
Isample =
V0
R + Rsample
≈ V0
R
(3.7)
This provides all values that need to be measured to extract the elements of the resis-
tivity tensor.
The lock-in amplifier used for data collection is a Zurich Instruments MFLI3. One of
the functions of the MFLI is that it has a build in oscilloscope; this function was used
before taking a measurement to inspect the quality of the incoming signal. The volt-
age produced by the lock-in was transformed to a current by a resistor in series as
described above. Before being let to the sample first the current was passed through
a transformer reducing the magnitude of the current by a factor ten. Furthermore,
the voltage signal of the measured sample is first pre-amplified before processed by
the lock-in. This makes voltage measurements possible with a very small sampling
current. All active elements in the circuit are powered by 9 V batteries to reduce noise.
3.3.2 Cooling down the samples
All samples are cooled down in a Physical Property Measurement System (PPMS). The
PPMS belonging to the host group has the capability to produce a 14 T magnetic field
and can cooldown sample controllably to temperatures of 2 K.
The general operation of cooling is performed by opening and closing a capillary sup-
plying cold gas to the sample chamber. The sample chamber is continuously pumped.
The gas flow is cooling the lower part of the sample chamber, where the sample is sit-
uated. Furthermore, there are heaters below the sample puck that can heat the sample
puck gaining full temperature control from 2 K to room temperature. The PPMS has a
possibility to measure resistances using the internal electronics, however as discussed
in the previous section, an external lock-in procedure was chosen.
3One per measured channel.
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Chapter4
Results and Discussion
This chapter will cover and discuss the resistivity and anisotropy as measured in the
different sample configurations. The L-bar and the Wheatstone bridge methods will be
discussed. Sequentially the heart of the results, obtained on Montgomery and trans-
verse bar samples, will be presented. This chapter will be concluded by discussing
a standout sample (H2) and the effects of sample thinning. First, a general overview
of the results will be presented to guide the reader through the different sample con-
figurations. For the electronic reader: The bold sample names are hyperlinks to the
apendix with a sample overview.
4.1 Overview
In general, two different temperature dependencies of the resistivity have been found.
In one behavior a cusp at the nematic transition is observed consistently. At lower
temperatures, a ”relatively high” resistivity with even insulating behavior at the low-
est temperatures is found as one, whereas in the other behavior a ”relatively low” re-
sistivity with a metallic regime over the entire low-temperature range is found. These
two behaviors are observed in the different sample geometries, both in samples mea-
suring an average resistivity as well as samples measuring the individual components
of the resistivity. Figure A.5 gives a typical example of the low and high resistive
behavior as acquired on a transverse bar sample.
The magnitude of the resistivity measured in all samples is reported to be roughly an
order of magnitude lower than found in literature [26]. These are however the first
measurements on single crystals. Therefore this likely reflects the absence of grain
boundaries naturally present in polycrystalline and powder samples and thus estab-
lishes a scale for the intrinsic resistivity.
However, a large variation of the resistivities between different samples and sample
geometries is observed. A likely origin of this presently not understood discrepancy
may be the mesoscopic size of the devices: the microstructures may be comparable in
size to the nematic domains. Since there is a large anisotropy between the c-axis and
ab-plane resistivity, the inclusions of impurities and differences in sample thickness
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Figure 4.1: Normalized resistivity of a transverse bar showing the high resistive regime and
the low resistive regime. The high resistive regime was found in a bar aligned along a principal
axis. The low resistive regime was found in a [110] aligned bar.
might also lead to sizable voltage artifacts if currents flow perpendicular to the layers
in the devices.
4.2 L-bar method
The resistivity obtained on L-bar devices C3 and F19 is shown in figure 4.2. No
anisotropy is found in sample C3. As this sample was not aligned by EBSD, it may
be possible in principle that both bars are aligned along a [110] direction (following
equation 2.20) and thus both samples measure the average resistivity. The probability
for this alignment is very small however. A more likely explanation involves twin do-
mains: both bars form a similar nematic domain including a domain wall in the kink
of the L. In that case a similar measurement would naturally be expected in both bars.
This hypothesis is further supported by the presence of only a single resistive behavior
within a sample. Finally, the resistivity found using the L-bar geometry is roughly a
factor two lower than resistivity found in transverse bar and Montgomery samples1.
This might indicate creep paths that lower the apparent resistivity.
As conclusion it can be stated that the L-bar method is not preferred for researching
the in-plane anisotropy in SmFeAsO since it is susceptible for domain wall formation
between the two bars.
1except for sample F19, bar 1.
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(a) Data on sample F19 (b) Data on sample C3
Figure 4.2: Resistivity as acquired on two different L-bar structures. In (a) the data is presented
of sample F19 and in (b) of sample C3. In C3 no anisotropy is found and in F19 a large offset
is found between the two bars. Data taken on these two L-bar devices show that the L-bar
configuration is not preferable for researching in-plane anisotropy in SmFeAsO.
Figure 4.3: False colored SEM image of sample F19, representing a typical L-bar device. Note
that the actual bars have been polished to retain maximal precision over geometry of the sam-
ple. The scale bar in white is 30 µm long. Purple depicts uncovered crystal and yellow depicts
the gold layer. In the darker shaded yellow regions gold is covering the crystal.
4.3 Wheatstone method
The bridge voltage of the Wheatstone bridge shown in figure 4.4(a) is displayed in fig-
ure 4.5. Immediately it becomes clear that at room temperature the bridge voltage is
non-zero and therefore the bridge is unbalanced. This is caused by an unequal sample
thickness through the device as was found by SEM analysis after measuring, as can be
seen in figure 4.4(b).
The temperature dependence of the bridge voltage is directly proportional to the anisotropy.
However the double peak and around 130 K and the relative low bridge voltage at 75
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K are not found in other samples. This may indicate that this sample is of poor quality.
Furthermore, the Wheatstone bridge geometry was found to be not ideal for crystals
of such small size given the relatively large area required to fabricate them and the
non-uniform thickness of the crystallites. Like the L-bar geometry, the Wheatstone
bridge is susceptible for domain formation due to its relatively large size.
(a) (b)
Figure 4.4: False colored SEM image of sample C5 (a) together with a SEM image showing the
sample thickness variations (b). Purple depicts uncovered crystal and yellow depicts a gold
layer. In the darker shaded yellow regions gold is covering the crystal. The scale bar in (a) is
10 µm long.
Figure 4.5: The bridge voltage of sample C5. Clearly is the bridge is unbalanced, which is
due to uneven sample thickness. The temperature dependance is not reproduced in any other
sample.
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4.4 Montgomery and transverse bar methods
During the course of this project, the transverse-bar and Montgomery geometries are
found to be better suited for researching the resistivity anisotropy, given the small size
and shape of the crystals. The resistivity obtained in the two Montgomery devices
(F13 and F15) is shown in figure 4.6; the resistivity calculated from the longitudinal
voltages in three transverse bar samples (F6, F9 and H2) is shown in figure 4.7. Clearly
both the high as the low resistive behavior are observed consistently in these samples.
As the crystal refinement can only be performed at room temperature, it is currently
unclear which of the two characteristic behaviors corresponds to the short and which
to the long crystal axis. The high resistive behavior is therefore indicated as ρ1 and the
low resistive behavior is indicated as ρ2. Noteworthy is that the average resistivity as
measured on the [110] part of the transverse bars follows the low resistive behavior.
SEM images of a typical sample of a Montgomery and transverse bar device are shown
in figure 4.8.
Figure 4.6: Resistivity obtained on the two Montgomery samples, F13 and F15. ρ1 is the rel-
atively high resistive state and ρ2 is the low resistive state below the nematic transition. The
resistivity is calculated as described in chapter 3.
Notable is that the average resistivity as measured directly in the [110] part of the
transverse bars is very low for low temperatures. This might suggest the presence of
twin domains in the [110] aligned bar that cause the measurement to be a weighted
average. The reason for these domains might be the substrate mechanically coupling
to the sample via the glue resulting in a randomly oriented strain field in the sample.
The absence of externally applied strain to detwin the crystals (as was done in the case
of BaFe2As2 [14]) complements this hypothesis.
In figure 4.10 the normalized anisotropy as measured from the transverse signals is
depicted together with the normalized difference between the measured ρ1 and ρ2
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Figure 4.7: Resistivity of three transverse bar samples. In the left panel ρ1 is displayed, as
directly measured on the bar aligned along a principal axis. In the right panel the average
resistivity is shown as directly measured on the bar aligned along the [110] axis. The data
acquired on the thinned version of the samples is displayed as well.
from the Montgomery samples.
The overall behavior of the observed anisotropies is remarkably dissimilar between
the different samples. A possible explanation for the quantitative differences of the
anisotropies measured in different samples could be a always present but unknown
strain field in the samples due to substrate coupling. Twin domains of similar size as
the sample dimensions can be formed that cause a non-zero transverse voltage that
masks the actual anisotropy in the material. Furthermore, since the anisotropy is only
probed locally between the two transverse voltage contacts, this method might be very
susceptible to impurities and local irregularities.
In addition an offset at 300 K was present in the two Montgomery samples. Such
offsets commonly appear in Montgomery devices due to errors in determining the
device geometry. This is supported by closer inspection of sample F13 that did not
exhibit a uniform sample thickness (see figure 4.9). In general, achieving a high qual-
ity Montgomery device directly from raw crystals is challenging since the method is
highly sensitive to sample thickness differences. An adapted version of polishing raw
crystals described in publications [27] of the host group might offer a solution.
All samples, except Montgomery sample F15, show an onset of anisotropy before
the structural transition indicating a second order transition and nematic fluctuations
present in the material before the structural transition.
For sample F9, the transverse signal of the bar aligned along the [110] axis is used
to calculate the resistivity anisotropy, following Walmsley and Fisher [20]. In section
2.3.4 an alternative has been proposed using both the transverse signal of the [110] and
24
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(a) Sample F15 (b) Sample H2
Figure 4.8: False colored SEM images of samples F15 in (a) and H2 in (b). Respectively a typical
Montgomery device and a typical transverse bar device. Yellow indicates the gold layer; the
darker shaded areas in (b) indicate where the gold is covering the crystal. The uncovered and
structured crystal is colored purple. The scale bar in (a) represents 10 µm and the scale bar in
(b) 30 µm.
Figure 4.9: SEM image of sample F13. Clearly there is a crack in the crystal making the sample
thickness uneven. This can explain the offset found in the resistivity using this device.
the transverse voltage from the [100] bar. The anisotropy in sample F6 is calculated us-
ing this method. The transverse voltage in the [100] bar is expected to be zero for all
temperatures. However, this signal shows a peak around 140 K. Since the coherence
length diverges at the transition, domain formation is expected to be maximal around
this temperature. Therefore the peak visible around 140 K might originate from do-
main formation in the [100] bar similar as described for the [110] bar. The transverse
voltage in other bars showed similar peaks.
Since the significance of these finite size effects, the adapted transverse bar method
containing a 135 degree angle is not suited for small samples of SmFeAsO. On the
other hand, this adapted method might be suited for larger samples of other materials
in which the orientation of the lattice is unknown.
The maximum anisotropy is compared to other iron containing superconductors in
the inset of figure 4.10 and the anisotropy found in SmFeAsO is of similar order as in
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other materials in this class, even though optimally doped SmFeAsO exhibits by far
the highest superconducting critical temperature.
Figure 4.10: Measured and calculated normalized in-plane anisotropy. Solid lines depict di-
rectly measured anisotropy in transverse bar samples, the dotted lines are the normalized dif-
ference of ρ1 and ρ2 as calculated from data measured in the Montgomery samples. The offset
of the normalized anisotropy of the Montgomery samples has been removed since in probably
originates from errors in length scale measurements. In the inset the ratio between ρ1 and ρ2 is
compared to other iron containing superconductors (data taken from [17, 28, 29]).
4.4.1 Alternative way of calculating anisotropy and thinning
The anisotropy in a transverse bar can also be calculated from the average signal and
the directly measured resistivity along a principal axis by:
ρ1 − ρAVG
ρAVG
=
ρ1 − ρ1+ρ22
ρ1+ρ2
2
=
ρ1 − ρ2
ρ1 + ρ2
(4.1)
The temperature dependence of the result (see figure 4.11), is reminiscent of the depen-
dence observed in the longitudinal signal of the transverse bar F9 and the temperature
dependence of the Montgomery samples. The magnitude of the anisotropy however
is significantly higher. This can again be explained by the measured average resistivity
actually being a weighted average: in the average resistivity there seems to be more
contribution from the low resistive behavior.
Important to note is that the calculated anisotropy at room temperature is closer to
zero, once the sample is thinned by a factor three. This is consistent between both F9
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Figure 4.11: Normalized anisotropy as calculated from the longitudinal signals in the trans-
verse bar samples. Even though a clear temperature dependence is visible, reminiscent of the
measured in-plane anisotropy of some of the samples in figure 4.10. The magnitude of the
signal however is unrealistically large. Noteworthy is that thinning the sample increases the
quality of the longitudinal measurements therefore reducing the offset from zero.
and H2. Thinning the sample will increase the precision of the longitudinal sample.
This emphasizes the relevance of finite size effects like exact current paths through the
device.
4.4.2 Discussion of sample H2
Transverse bar sample H2 (see figure 4.8(b)) deserves special attention. The transverse
signal of the principal axis aligned bar resembled the temperature dependence of the
anisotropy found in other samples. The anisotropy was calculated from this signal,
as if it was a transverse voltage from an [110] aligned bar and is displayed in figure
4.12. In the case that the nematic phase is uncoupled from the underlying lattice, the
measured transverse signal of the principal axis aligned bar could actually measure
the anisotropy. Striking is that the measured anisotropy measured in the [100] bar of
H2 exceeds all other samples and other iron containing superconductors (see inset of
figure 4.12).
More striking behavior was observed in sample H2. After thinning the sample, a
switching behavior has been observed in the longitudinal signal of the [110] aligned
bar (see figure 4.13). During the first cooldown the average resistivity measured by this
bar showed a high resistive behavior. On subsequent cooldowns, the behavior was re-
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stored to its original low resistive behavior as measured before thinning. A hypothesis
explaining this behavior is that restructuring the sample is changing the initial strain
field in the sample. One of the contacts on this device broke after thinning the sample
which indicates the high amount of stress in the sample, further backing this hypoth-
esis. On the first cooldown the sample then relaxes back into its original state. This
gives further evidence that the longitudinal voltage of a bar aligned along the [110] di-
rection does not give an average but a weighted average resistivity. This also strongly
backs the idea that finite size effects are of considerable effect in anisotropy measure-
ments in SmFeAsO.
A controllable anisotropy might have multiple technological applications, therefore
attempts are made to force the sample to reobtain the resistivity found in the first
cooldown by applying magnetic fields and high current densities. These attempts are
unsuccessful so far. Montgomery devices are made that used high current densities in
the leads to compress the structure. No clear signs of switching behavior of the order
of H2 have been found so far. However, it is possible to tune one of the Montgomery
configurations2. Further experiments have to be conducted to gain more knowledge
on possible tunability of the resistivity anisotropy.
Figure 4.12: Comparison between the directly measured anisotropy on the transverse bar F9
and anisotropy calculated using the transverse voltage as measured on the principal part of
H2. The resemblance of the anisotropic temperature dependence is striking. Furthermore, the
magnitude of the signal is larger than found in other samples. The inset shows the maximum
ratio between ρ1 and ρ2 as found in H2 compared to other iron-containing superconductors
(data from [17, 28, 29]). Both data on H2 as F9 was taken on transverse bars before thinning
the sample.
2Due to technical difficulties and time shortage only one of the Montgomery configurations could
be measured.
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Figure 4.13: Average resistivity as measured on the transverse part of H2 after thinning the
sample. During the first cooldown a high resistive behavior has been found. In subsequent
cooldowns the old low resistive behavior has been retrieved. This type of switching behav-
ior has been observed only once and is a strong hint that the measured average resistivity is
actually representing a weighted average.
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Chapter5
Conclusion and outlook
This thesis reports the first resistivity and in-plane anisotropy measurements con-
ducted on high quality single crystals of SmFeAsO. It is found that the resistivity is
roughly an order of magnitude lower than found in literature, possibly due to the
absence of grain boundaries and impurities present in polycrystalline or powder sam-
ples.
The Montgomery and transverse bar methods are preferred to L-bar and Wheatstone
bridge methods for investigating the in-plane anisotropy, since in these sample ge-
ometries domain formation was probably of less important due to their smaller size.
Turning to the research goal: the anisotropy observed using these methods is similar
to that reported for other iron containing superconductors, even though the supercon-
ducting critical temperature of optimally doped SmFeAsO well exceeds that of other
iron pnictides. However, variations between different measurement techniques and
different samples show that SmFeAsO is susceptible to strain induced by the sub-
strate coupling. Furthermore, finite size effects have been found significant and the
local strain field in the sample is still an uncontrolled parameter.
In a bar aligned along a principal axis a transverse signal was found, strongly re-
sembling the temperature dependence of the in-plane anisotropy. The magnitude of
the calculated anisotropy from this signal was reported to be significantly larger than
compared to other samples and other iron-containing superconductors. This can not
be interpreted as resistivity anisotropy, however it hints of an eventual high resistivity
anisotropy in SmFeAsO
A switching behavior has been found in a longitudinal signal of a [110] aligned trans-
verse bar, possibly due to a relaxing strain profile in the bar. Neither the application of
high current densities nor high magnetic fields are able to reproduce a similar effect.
In future research a closer look must be taken to the exact orientation of the in-plane
anisotropy with respect to the crystal lattice. Possibilities to reach this goal include
directly measuring the resistivity along different axes in the same crystal, effectively
combining an L-bar device with multiple transverse bars, if this is permitted by the
limited space on the crystals.
Furthermore, to improve the quality of the Montgomery devices control must be gained
over the crystal thickness and flatness. This will improve current homogeneity through
the device.
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Detwinning the crystals using externally applied strain must be conducted to make
measurements more consistent. It has been seen that applying strain using high cur-
rents in the leads of a Montgomery device tunes one of the Montgomery configura-
tion’s signal. Further experiments have to be carried out to explore the tunability of
the actual anisotropy, using this method.
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AppendixA
Sample Overview
For clarity this appendix lists all samples used for making this thesis, linking sample
name to a SEM image and giving the relevant dimensions.
A.1 L-bar devices
Figure A.1: SEM image of sample C3. The bar on the left part of the image is ’bar 1’, the
right bar is ’bar 2’. ’Bar 1’ is 0.5 µm wide and the centers of the contacts are 11.5 µm apart.
With a width of 0.6 µm is ‘bar 2’ a bit wider; the contacts in this bar are 11.4 µm apart. The
crystal thickness is measured as 6.3 µm in ‘bar 2’ and 6.2 µm in ‘bar 1’. This crystal was not
characterized using EBSD. These are the thinnest bars measured and are therefore the most
susceptible to strain induced from the substrate. Due to the thickness of this sample current
homogeneity might not be optimal in this sample.
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Figure A.2: False colored SEM image of sample F19 (colors as in main text). The lower bar of
the image is ’bar 1’, the left bar is ’bar 2’. ’Bar 1’ is 1.4 µm wide and with a width of 1.5 µm
is ‘bar 2’ a bit wider. The centers of the contacts on both bars are 11.6 µm apart. The crystal
thickness is measured on multiple points to be between 2.7 µm on the end of ‘bar 2’ and 2.8
µm on the beginning of ‘bar 1’. This device was correctly aligned along the principal axes with
the use of EBSD. The kink on top of ‘bar 2’ was designed to homogenize the current. A direct
reason for the low resistivity in ‘bar 2’ cannot be found by SEM analysis.
A.2 Wheatstone bridge device
Figure A.3: False colored SEM image of the only Wheatstone bridge selected for making this
thesis, sample C5 (colors as in main text). The device is slightly rectangular: the bars that are
positioned vertically in the image are 14.8 µm long and the horizontal bars are 14.9 µm. As
discussed in the main text, suffers this device from large sample thickness variations varying
from 2.8 µm to 3.2 µm. The width of the bars is around 1.1 µm, however due to a lack of
polishing, this number might vary on the bottom side of the crystal.
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A.3 Montgomery devices
Figure A.4: SEM image of sample F13. The middle part of the sample is the actual Mont-
gomery device. The contacts on the corners are used to measure the sample; the contacts on
the sides of the device are designed to compress the device by applying current through these
contacts. No concluding experiments could be done (see section 4.4.2) due to lack of time,
however further experiments should be conducted on these type of samples. This sample is
slightly asymmetric: the vertically aligned edge of the device is 9.2 µm long and the horizon-
tally aligned edge is 9.1 µm long. The asymmetry has been taken into account in calculating
the resistivity. The thickness of this device is varying between 2.3 µm and 2.8 µm therefore the
assumption of sample thickness homogeneity is explicitly not met.
Figure A.5: False colored SEM image of sample F15 (colors as in main text). This Montgomery
device was examined to have a very uniform sample thickness of 5.6 µm across the device. The
lateral dimensions are 9.8 µm and 9.9 µm. This asymmetry was accounted for in calculating
the resistivity. The offset in the anisotropy measured on this device is so far not explained.
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A.4 Transverse bar devices
Figure A.6: SEM image of transverse bar F6. The bar aligned horizontally on the image is
aligned along a principal axis. The longitudinal contacts in both bars are 11.5 µm apart. The
[100] bar is 4.8 µm wide and the [110] bar is 4.5 µm wide. The thickness was measured to be
2.9 µm in the [100] bar and decreased to 2.9 in the [110] bar. The alternative method described
in section 2.3.4 works under the assumption that the sample thickness is uniform. Since this
is not the case in this device, there might be a 3% deviation between the anisotropy calculated
using this method and the actual anisotropy.
(a) (b)
Figure A.7: SEM image of sample F9 before thinning (a) and after thinning (b). The horizon-
tally aligned bar in both images is the bar aligned along a principal axis. The longitudinal
contacts in both bars are 11.5 µm apart. Since the device is thinned down on the side of the
longitudinal contact, the distance between the longitudinal contacts did not change during
thinning. The width of the [100] bar is 4.4 µm whereas the [110] bar is 4.6 µm wide. After
thinning the [100] and [110] bars were 1.7 µm and 2.2 µm wide respectively. Before thinning
the [100] bar was found to be 1.7 µm thick; the [110] bar was observed to be 1.5 µm thick. The
thickness of the [100] bar was found to be increased to 2.1 µm. However it was also discovered
that the sample was composed out of two platelets of SmFeAsO that were grown together very
locally since this was not visible before thinning the sample. The sample thickness remained
similar in the [110] bar after thinning.
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(a) (b)
Figure A.8: False colored image of sample H2 (colors as in main text) before thinning in (a)
and a SEM image of the same sample after thinning in (b). The bar aligned under a 45 degree
angle with the horizon is the bar aligned along a principal axis. The distance between the
longitudinal contacts is 9.5 µm and 9.6 µm in the [100] bar and [110] bar respectively. The [100]
bar is 5.7 µm wide and the [110] bar is 6.0 µm wide. The thickness was found to vary between
2.9 µm and 3.1 µm as measured in different parts of the device. This number was found to
be the same after thinning. Even though H2 showed remarkable behavior, no apparent reason
was observed using the SEM.
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